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Abstract 
Based on data from experimental investigations with flat specimens made of sheet Moulding Compound (SMC), the 
influences of different fibre orientations and fibre weight contents on the fatigue strength behaviour of this long-fibre 
reinforced thermosetting material were studied. SMC is a material with a high damage tolerance. Prior to the 
manufacture of a component and the experimental test, numerical structural durability tests based on material data 
allow the estimation of the service life and the identification of the critical areas of the design. 
In this study, the experimental results of fatigue cycle tests, a concept for fatigue design optimization and estimation 
of the service life for cyclically loaded components will be shown. 
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1. Introduction 
During the last decade, the applications for fibre reinforced (FR) composites in aerospace, transport 
and engineering and their applications in sports equipment have been increasing. Based on the high 
specific strength of FR composites, their use offers light-weight design opportunities. 
Sheet Moulding Compound (SMC) is a heterogeneous long-fibre reinforced thermosetting material. 
Because of the well known manufacturing process and the excellent characteristics of the material, 
interest in its use is increasing. Hence, for a reliable design of highly loaded components, it is necessary to 
analyse the fatigue behaviour of SMC in addition to analysing its static properties. Therefore, the 
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structural durability of a component is influenced mainly by the parameters: material, loading, design (i.e. 
shape) and manufacturing process. For the estimation of the service life of a component, the service 
loading and the fatigue strength have to be determined. With this knowledge and with a view to providing 
benefits in terms of weight, costs and CO2-emissions, a material-specific dimensioning of highly loaded 
components is possible. 
However, on the one hand, the challenge is the required comprehensive experimental investigations 
and, on the other hand, a fatigue design optimization, which considers the anisotropic behaviour of long-
fibre reinforced composites, compared to traditional failure hypotheses. 
In the scopes of the Karlsruher innovation cluster “KITe hyLITe” and of a previous project, the first 
results of the mechanical behaviour of GF-SMC with a variety of different fibre alignments and fibre 
contents will be analysed. Furthermore, investigations of different fibre weight contents of carbon fibre 
reinforced SMC (CF-SMC) show the effect of the fatigue strength. 
 
Nomenclature 
 
CF  carbon fibre reinforced Sheet Moulding Compound 
FR fibre reinforced 
GF glass fibre reinforced Sheet Moulding Compound 
R stress ratio 
SMC  Sheet Moulding Compound 
wt fibre weight 
Va stress amplitude in MPa 
Hmatix matrix strain 
Hfibre  fibre strain 
2. Testing equipment and preparation of test specimens 
 The unnotched flat specimens for fatigue limit tests are displayed in Fig 1(B). Furthermore, the 
experimental test rig and an illustration of the applied sinusoidal loading are shown in Figures 1(A) and 
1(C) respectively. 
The specimens were made by water jet cutting of SMC-plates. The length of fibres was 1.0inch, 
whereas the fibre weight (wt) content was varied between 20, 30 and 50%. The fibre orientation was 
varied between a random isotropic and an aligned anisotropic arrangement, where the latter is indicated 
by the preferred angle of the fibres with respect to load direction (i.e. 0°, 45° and 90°). The specimens 
were sinusoidally loaded under constant amplitude loading. The stress ratios R, defined as the ratio 
between minimum and maximum stress within one load cycle, were chosen to be R=-1, which refers to 
alternating loading, and R=0, which refers to fluctuating loading (Fig. 1C). The tests were carried out 
under load control and at room temperature 23°C. The experimental programme was performed on servo 
hydraulic test rigs where the test load is transferred to the specimen by friction using manual clamping. 
After load cycles without failure (i.e. without fracture of the specimen) the test was stopped. Those 
specimens, which did not fail during the test duration within 5·106 cycles, were termed run-out specimens 
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and were not used in the fatigue analysis. For all fatigue tests, which were carried out with stress ratio R=-
1, a support to prevent buckling of the specimen during the compressive load half cycle was used, Fig. 
1A. This buckling support did not affect the load-dependent deformation of the specimen. 
 
 
 
 
 
 
Fig. 1. (A) Cyclic test rig with test specimen and buckling support; (B) Photograph of an unnotched flat specimen with scale; (C) 
Illustration of the applied sinusoidal loading in fatigue tests with stress ratio R=-1 and 0 
In general, the SMC polymer heats up during cyclic loading, depending on load frequency and load level. 
This self-heating can diminish the fatigue life. Therefore, the loading frequency has to be low enough to 
ensure that the specimen’s temperature does not exceed a given limit. Otherwise, the temperature will rise 
continuously until specimen fails [1; 2].  
3. Results of  hysteresis measurement 
  
Fig. 2. Fracture pattern of different fibre orientations (A) predominantly 90°; (B) predominantly 45°; (C) predominantly 0° and (D) 
predominantly isotropic relative to the loading direction 
The areas of fracture of the cyclic loaded flat specimens are shown in Fig.2. In specimens with fibres 
aligned at predominantly 90° with respect to the loading direction, fracture occurred perpendicular to the 
direction of force, which complies with the fibre direction. For specimens with fibres arranged at 
predominantly 45° relative to the loading direction, the fractures occurred diagonally to the direction of 
the force, i.e. parallel to the fibres. Hence, in both cases, the matrix failed and the fracture occurred along 
the pronounced orientation of the fibres.  
The specimens with fibres arranged at predominantly 0° fractured in an irregular pattern, as did the 
predominantly isotropic specimens, because the fibres aligned parallel to the direction of the applied force 
determine the failure behaviour. In these heterogeneous materials, stiff fibres reinforced a weak matrix. 
Therefore, the strain in the specimen is generated by matrix deformations. Failure usually initiates at the 
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weakest point within the stressed material volume. Hence, in glass FR-SMC, local failure occurs first at 
the matrix or the fibre-matrix interface, due to multiaxial stresses, which accumulate and eventually lead 
to debonding of the fibre from the matrix or to matrix failure in the surrounding area of the interface. 
From a macroscopic point of view, increasing local failure in the compound leads to stiffness 
degradation. Cumulative fibre-matrix debonding leads to fibre pull-out, in particular when the fibre-
matrix bonding is weak. The crack growth then proceeds along the path of least resistance (generally 
perpendicular to the direction of the applied force) until it is temporarily stopped by another fibre and 
finally proceeds along the whole cross section of the specimen.  
 
 
 
 
Fig. 3. Stiffness degradation of 30wt% and 20wt% glass fibre reinforced SMC with different fibre orientations (predominantly); (A) 
0°; (B) 45° and (C) 90° fibre orientation 
Based on the fatigue tests, load-displacement-hysteresis was also measured. Fig. 3 shows the 
normalized stiffness degradation of 30 and 20wt% glass fibre reinforced SMC with the different fibre 
orientations 0, 45 and 90°. For the evaluation of the stiffness degradation and damping, the hysteresis has 
to be considered in order to estimate other failure criteria in addition to rupture as a total failure. For the 
whole domain of load cycles, the stiffness especially shows a dependency on fibre alignment. Thus, near 
rupture, the specimens with a fibre alignment of predominantly 0° relative to the loading direction tend to 
have 20-30% stiffness loss, while specimens with a fibre alignment of predominantly 90° relative to the 
loading direction tend to have about 50% stiffness loss. This presupposes a greater or lower damage 
accumulation within the heterogeneous fibre-matrix material system. Accordingly, a universal criterion of 
a certain stiffness degradation is not definable, but rather the criterion depends on the respective fibre 
alignment.  
4. Results of  fatigue tests 
Material design in high-cycle fatigue domains is usually characterized by an S-N curve, also known as 
a Wöhler curve. This is a graph of the value of a cyclic stress amplitude Va versus the number of cycles to 
failure Nf, as in Figs. 4 and 5. The slope k of an S-N curve is determined by a set of two definite data 
points (V1, Nf1) and   (V2, Nf2). 
The fatigue behaviour of the majority of metallic materials can be best described by an S-N curve having 
two different slopes with a knee point at the location where the slope changes. In contrast to metals, S-N 
curves for polymers have no knee point [3]. Therefore, the S-N curve of SMC has only one slope k for the 
whole range of load cycles. 
 
The resulting S-N curves with specimens made of 20wt% SMC with different preferred fibre 
orientations (isotropic, 0, 45 and 90°) are shown in Fig 4A. The S-N curve with predominantly 0° fibre 
alignment relative to the loading direction shows the highest fatigue strength. The fatigue strength of the 
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other S-N curves decreased, Va,50%> Va,30%>Va,20%, which can be explained as follows. From a mechanical 
point of view, 0° orientated fibres continue parallel to the loading direction, in which most of the loading 
will be absorbed. . Whereas, the minimum fatigue strength is shown by the material with predominantly 
90° fibre alignment because the fibres continue orthogonal to the loading direction. Thus, for the 
compound, the 90° aligned fibres exert an insignificant effect on cumulative fatigue strength. As a 
consequence, the matrix has to absorb even more load and suffers a higher strain compared to the fibres, 
Hmatix > Hfibre, but the matrix has lower strength than the fibres. The fatigue strength of SMC with 
predominantly isotropic and 45° fibre alignment is between the other S-N curves. It should be noted that 
no important effect on the slope due to fibre alignment was obtained. Therefore, for long life times, no 
important increase or decrease in strength was present [4]. 
 
  
Fig. 4. S-N curves of glass fibre reinforced SMC with (A) different preferred fibre orientations (0°, 45°, 90° and isotropic fibre 
orientation); (B) S-N curves of glass fibre reinforced SMC with different fibre contents (20, 30 and 50wt%) 
The fibre content is also a variable parameter and is important for the design of highly loaded 
components with regard to avoiding overloading. Fig. 4B shows the results of the fatigue tests with flat 
specimens made of SMC with the specific fibre alignment of 0° but different fibre contents of 20, 30 and 
50wt%. The benefit of the behaviour of fibres is that of higher strength compared to the behaviour of the 
matrix. Due to this factor,the S-N curve with SMC-GF50, as expected, shows  the maximum fatigue 
strength compared to the S-N curve with SMC-GF20, which shows the minimum strength in the domain 
from 103 to 5·106 cycles. Therefore, higher fibre contents achieve the aim of increasing the sustainable 
stress, but, due to this, a wide influence on the slope of S-N curves exists. With decreasing fibre content, 
the slope increased, i.e. the slope is more flat. For instance, at 104 cycles, the factor between the S-N 
curves with 50 to 30wt% glass fibres is 1.4 while this factor is reduced to 1.2 at 106 cycles. For the S-N 
curves with 50 and 20wt% glass fibres, this effect is even more apparent as the factor between the S-N 
curves with 50 to 20wt% glass fibres is 1.9 at 104 cycles compared to 1.5 at 106 cycles. This behaviour 
becomes clear when the slope has a steeper gradient. 
5. Comparison of glass and carbon fibre reinforced SMC to metals 
Based on previous investigations, the fatigue behaviour of flat specimens made of 50wt% and 54wt% 
carbon fibre reinforced SMC (CF-SMC) under fluctuating loading (R=0) was studied. In these 
experimental tests, the mean stress was greater than zero with the cyclic loading being superimposed on 
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static loading. Depending on the material specific behaviour, an influence of the mean stress sensitivity 
signifies greater loading on the material than under alternating loading, R=-1, which has no mean stress.  
Compared to the manufacturing and subsequent processing of GF-SMC, the processing of CF-SMC 
shows greater complexity, but carbon fibres enhance the mechanical strength considerably. Accordingly, 
this high-class material is suitable for application in highly loaded components, often as a replacement for 
metallic materials. Fig. 5A shows the comparison of cyclic fatigue strength of GF and CF SMC, cast 
aluminium and forged magnesium. By scaling the fatigue strength to material density, i.e. specific 
strength, versus load cycles, the capability in lightweight design is obvious. However, at 5·106 cycles, the 
S-N curve of the scaled SMC-CF54 crosses the S-N curve of aluminium, thus the material is on the same 
strength level as magnesium and aluminium [5; 6].  
 
 
Fig. 5. (A) Comparison of density rated specific fatigue strengths of different materials, R=0; (B) Optimization of local material 
parameters  
6. Numerical investigation 
As is generally known, SMC, as a wrought material, is a randomly oriented long fibre reinforced 
composite. Hence, the material has an anisotropic behaviour. Its primary load capacity for components is 
defined by the type of fibre, volume fraction, length and alignment. Accordingly, through uniaxial 
loading, material specific multiaxial load cases may arise and, as a result, it is necessary to create an 
enhanced database in order to estimate the design of a component on the basis of a huge number of 
fatigue tests with different loading types, alignments, stress ratios etc. Prior to the manufacture of a 
component and the experimental test, numerical structural durability tests allow the estimation of the 
service life and the identification of the weaknesses of the design. Based on the numerical results, in 
contrast to homogeneous material, the material under investigation allows the designer, through 
adjustment of the manufacturing process parameters, not only to adapt or optimize the geometry of the 
component, but also to specify the local material parameters such as fibre orientation (level of orientation 
and direction of orientation) and fibre weight content with respect to an optimal design, Fig 5B. 
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7. Conclusion 
The investigations presented here allow the characterization of SMC in terms of fatigue strength and 
failure behaviour. Furthermore, the investigations also reveal, in addition to the capability for lightweight 
design, a high damage tolerance. 
The material properties of GF-SMC under fatigue loading were determined on the basis of tests on 
unnotched flat specimens made of different fibre orientations and fibre weight contents. The results show, 
in addition to the influence of fibre alignment, an influence of the volume fraction. Thus, the SMC made 
with fibres aligned at 0° relative to the loading direction achieved the maximum fatigue strength, as 
opposed to the SMC made with fibres aligned at 90°, which gave the minimum fatigue strength. 
Therefore, higher fibre contents lead to steeper slopes of the S-N curves. Additionally, the different 
hysteresis evaluations of stiffness loss show apparent effects of fibre alignment. Hence, the applicable 
criterion for stiffness degradation depends on the fibre alignment.  
The scaled fatigue strength of CF-SMC is at a similar level compared to forged magnesium and cast 
aluminium. Accordingly, the substitution of these other materials would be conceivable if the fracture 
behaviour is known.   
Finally, SMC is already established in automotive transport as well as in railway vehicles, e.g. 
applications in the domain of the body shell. Based on the results presented here, the foundation is laid for 
fatigue design optimization of high cycle loaded and security relevant components. 
8. Outlook 
Up to the present time, the focus has been on cyclic tests on unnotched flat specimens, which were 
carried out with alternating loading. In further investigations, the database should be enlarged with fatigue 
characteristics for fluctuating (R=0) and compressive stress ratios (R=±) in order to estimate the mean 
stress sensitivity, as well as the fatigue characteristics of notched and corrugated specimens. Furthermore, 
the applicability of numerical optimization of components should be examined.  
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